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Concrete structures are able to resist high temperatures due to ﬁre relatively well and they can be repaired afterwards. In order to select appropriate repair strategies,
assessment of the condition of a concrete structure after ﬁre is of crucial importance. Previous research has mostly been focusing on the strength of concrete during ﬁre
and considering slow cooling of elements to room temperature. Guidelines and models related to these conditions have been incorporated into structural design codes.
However, in reality, fast cooling of concrete by means of water occurs frequently and the effect of this cooling method has been much less the subject of research
investigations. Nevertheless, the effect of water cooling can be signiﬁcant. In this article the effect of water cooling on the residual compressive strength, stress-strain
diagram and bond strength between concrete and reinforcement is investigated. Two cooling methods are considered, i.e. quenching and spraying of specimens. It is
found that the investigated properties are extremely sensitive to heating with subsequent water cooling.1. Introduction
Despite the relatively low probability of ﬁre occurrence in a building,
such an accidental event can have huge consequences since human lives
are at risk and it might result in signiﬁcant economic losses. Therefore,
the structural ﬁre resistance of buildings is of particular importance and
the veriﬁcation of structural elements under ﬁre conditions is explicitly
incorporated in several design standards. With respect to concrete,
design guidelines are available in the Eurocodes (EN 1992-1-2 [1]),
American Standards (ACI/TMS 216.1–14 [2]), etc.
In general, concrete structures have a relatively high ﬁre resistance
and the structure is commonly able to survive the ﬁre exposure. As such,
it is relevant to investigate how to repair the damaged parts of the
structure after a ﬁre has occurred since this results in a huge economical
advantage as the costs of demolition and reconstruction are avoided. In
order to estimate the costs for repair, it is necessary to assess the damage
to the structure caused by ﬁre.
Various experimental studies on different properties of concrete
exposed to ﬁre have been conducted [3–5]. These studies focus mainly on
the effect of high temperatures on the stiffness and strength of the con-
crete. Moreover, most of the research data on residual properties after
ﬁre were obtained under conditions of natural cooling. These conditions
during ﬁre and conditions of natural cooling differ obviously from
cooling regimes in a real ﬁre, where water spraying is usually used for ﬁre
extinguishing. Water cooling causes a thermal shock [6] and results in a
more severe decrease of the mechanical properties of concrete. Therefore
the inﬂuence of cooling regimes on mechanical properties of concrete is* Corresponding author.
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0379-7112/© 2017 Elsevier Ltd. All rights reserved.of great concern. In this paper the results of an experimental campaign on
the effect of two cooling methods (i.e. quenching and 5 min spraying) on
different properties of normal strength concrete are presented. In the next
sections ﬁrst a review on the available literature related to the properties
of concrete exposed to high temperatures is given. Next, the materials
used in the experimental research program are presented, followed by a
discussion on the cooling rates due to water cooling. Subsequently, the
inﬂuence of heating and cooling on the residual compressive strength of
normal strength concrete is assessed followed by the investigation of the
inﬂuence of high temperatures and cooling on the bond strength between
concrete and reinforcement. Finally, conclusions are formulated in rela-
tion to the experimental observations.
2. Literature review
2.1. Previous research on strength of concrete after exposure to high
temperatures
The effect of high temperatures on the strength of traditional concrete
has been investigated extensively in the past. It is important to mention
that the inﬂuence of the cooling process subsequent to high temperature
exposure has beenmuch less investigated. Therefore, the inﬂuence of this
cooling process has been investigated experimentally in the cur-
rent study.
Chan, Peng and Anson [7] investigated the effect of high tempera-
tures on concrete by means of cube specimens of 100 mm. The test
specimens were slowly cooled down after heating. It was found that the
Table 1
Additional strength reduction due to fast cooling (relative to natural cooling) [%].
Ref. Type of
concrete
Heating
rate
Cooling rate Additional strength reduction [%]
Temperature [C]
200 300 400 520 600 800 1100
[3] OPC- 1 C/min <50 C/min þ17 þ10
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peratures between 20 and 400 C, while a signiﬁcant reduction is found
for higher temperatures. For specimens exposed to a maximum temper-
ature higher than 800 C, only a small fraction of the original strength
is left.
Poon et al. [4] investigated the effect of high temperatures on cube
specimens of 100 mm made of concrete with different types of binders:
100% Ordinary Portland Cement (OPC); OPC and 30–40% ﬂy ash (OPC-
PFA); and OPC and 30–40% slag (OPC-GGBS). Also these specimens were
cooled slowly to room temperature after heating. The different types of
binder resulted in a different behaviour of the concrete at high temper-
atures: while the specimens with PFA showed a strength increase at low
temperatures (up to 200 C), at these temperatures a strength decrease
was found for the specimens with GGBS. These results conﬁrm what was
observed by Sarshar and Khoury [3] and are in agreement with the re-
sults obtained by Savva, Manita and Sideris [8].
Annerel [5] investigated the effect of high temperatures on the
strength of concrete with OPC considering two types of aggregates: sili-
ceous and calcareous. A strength loss up to 20% was found at low tem-
peratures (50–120 C). Higher temperatures (up to 300 C) result in a
gain of strength almost up to 100% of the original compressive strength.
Even higher temperatures (300–800 C) result in a signiﬁcant decrease of
the strength. A higher residual strength was found for concrete with
calcareous aggregates.
Lee, Xi and Willam [9] used cylinder specimens to investigate the
effect of high temperatures on concrete.
The results of the previously mentioned research is summarized in
Fig. 1, where the residual compressive strength fcθ is indicated relative to
the strength at ambient temperature fc20C, i.e. fcθ/fc20C. As a reference,
also the current reduction factor for the concrete compressive strength as
provided by EN 1992-1-2 [1] is shown.
Sarshar and Khoury [3] showed that short exposure to low temper-
atures (100 C) results in a strength decrease, while for longer exposure
times the original strength can be regained. These results correspond to
the results obtained by Annerel [5].
Furthermore, the results obtained by Sarshar and Khoury [3] showed
that there is a signiﬁcant inﬂuence of the time of testing after exposure to
high temperatures. They found that the strength can further decrease in a
short period (7 days–2 months) after cooling. This is attributed to the
reaction of CaO to CH which is accompanied by a volume increase. Be-
sides that, also a strength recovery can be observed due to the rehydra-
tion of unbounded cement particles. The strength recovery occurs during
a period of one to two years after cooling. This strength recovery was also
observed by Poon et al. [10].Fig. 1. Published results related to residuals strength of normal strength concrete exposed
to elevated temperatures.
143Several authors investigated the effect of different cooling methods
on the strength of concrete. A summary of published test results is given
in Table 1 which gives the inﬂuence of the cooling method on the re-
sidual strength relative to the residual strength for slow/natural cooling
[5]. In general, it was observed that fast cooling results in an additional
strength decrease up to 30% compared to natural cooling. This additional
decrease is attributed to the occurrence of a thermal shock which is
characterized by a strong temperature decrease in a short time. The most
important effect is obtained when the specimens are quenched in water,
while spraying with water results in intermediate strength losses. It is
important to notice that the additional strength loss decreases as the
exposure temperature increases, indicating that for high temperatures
(>600 C) the effect of high temperatures itself is more important than
the effect of the cooling method.
Several authors have been focusing on the stress-strain behaviour of
concrete during ﬁre [14] and after ﬁre considering natural cooling. Savva
et al. [8] found that there is a continuous decrease of the modulus of
elasticity of concrete with increasing exposure temperatures. The results
obtained by Lee et al. [9] conﬁrm these observations. Finally, the authors
found that fast cooling results in an additional decrease of the tangent
modulus compared to the decrease observed for slow cooling.
In EN 1992-1-2 [1] the stress-strain relationship for concrete at high
temperatures is described based on 3 parameters: the compressive
strength fcθ at temperature θ, the strain εc1θ at compressive strength and
the ultimate strain εcu1θ at temperature θ. In [15] this model was modi-
ﬁed based on non-linear regression analysis to take into account the ef-
fects of loading during heating and post-cooling storage.
It is however still not clear how these parameters are inﬂuenced by
the combination of heating and subsequent cooling. Therefore, two types
of specimens were tested after exposure to different temperatures,
considering different cooling methods. The results of this novel research
are described in section 5.2.2. Bond between concrete and reinforcement at elevated temperatures
As indicated previously, the effect of elevated temperatures on theLytag (fast)
[3] OPC-
Lytag
1 C/min quenching 12 5
[3] OPC-
Lytag
3 C/min quenching 8 4
[3] OPC-
ﬁrebrick
1 C/min <50 C/min
(fast)
þ19 þ2
[3] OPC-ﬁrebrick 1 C/min quenching 19 27
[3] OPC-ﬁrebrick 3 C/min quenching 16 26
[11] OPC-granite 5-7 C/
min
quenching 13 1
[12] Basalt slow fast (air) 18 5 þ4 þ1
[12] Basalt fast fast (air) 5 7 10 7
[9] OPC-granite 1 C/min 1 C/min þ1 þ5 þ6 þ3
[9] OPC-granite 1 C/min quenching 27 24 14 2
[13] OPC-gravel 9 C/min 5 min spraying 11 14 13 5
[6] OPC-
limestone
10 C/min 5 min spraying 22 14 16 0
[6] OPC-
limestone
10 C/min 30 min
spraying
35 26 26 16
[6] OPC-
limestone
10 C/min 60 min
spraying
36 32 23 10
[6] OPC-
limestone
10 C/min quenching 35 20 24 12
[5] OPC-gravel 3.5 C/
min
quenching 31 23
Fig. 3. Relative bond strength as a function of temperature (air-cooled specimens).
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elasticity, thermal conductivity, etc.) has been investigated extensively.
However, research into the inﬂuence of elevated temperature on the
bond between reinforcement and concrete is limited. Moreover, most
studies have been focusing on the bond strength only, not on the shape of
the bond-slip diagram. Furthermore, in most cases, natural cooling was
used to cool the specimens to room temperature and the effect of fast
cooling by means of water was not investigated. In the following, a brief
introduction is given on the bond-slip behaviour at ambient temperature,
followed by an overview of previous research on bond behaviour at
elevated temperatures. The test results of the current study are presented
and discussed in section 6.
2.2.1. Bond-slip behaviour at ambient temperature
Fig. 2 shows the typical shape of the relation between the bond stress
τb and the slip s between concrete and reinforcement at ambient tem-
perature. The ﬁrst branch of the bond-slip diagram corresponds to
crushing of the concrete and the development of radial cracks. As these
phenomena more and more develop the slip increases faster until the
bond strength τbmax is reached. Subsequently, the reinforcement bar slips
in an irregular void under decreasing bond stresses. Finally, at large slip
values, a constant residual bond stress τbf remains. This behaviour is
conditional on the fact that no splitting of the concrete occurs since
splitting results in a signiﬁcant reduction of the bond strength.
As the bond-slip diagram is too complex to describe using one single
equation, the curve is usually split up in several parts. In [17], Model
Code 1990 [18] and Model Code 2010 [19] the following model is
proposed to describe the bond-slip behaviour:
τb ¼ τbmax⋅

s
s1
α
0  s  s1
τb ¼ τbmax s1  s  s2
τb ¼ τbmax 

τbmax  τbf

⋅
ðs s2Þ
ðs2  s3Þ s2  s  s3
τb ¼ τbf s3  s
(1)
The meaning of the different slip values (s1, s2 and s3) is indicated in
Fig. 2. The parameter α determines the shape of the initial non-linear
branch of the bond-slip diagram. In [17], Model Code 1990 [18] and
Model Code 2010 [19], suggestions for s1, s2, s3, α, τbmax and τbf are given
for different situations at ambient temperature.
2.2.2. Previous research on bond-slip behaviour at elevated temperatures
Pull-out tests are the most common and simple tests to investigate the
bond between concrete and reinforcement. Fig. 3 shows the results of
pull-out tests on deformed reinforcement bars embedded in concrete
specimens in literature [20–26]. The bond strength τbmaxθ at a certain
temperature θ is indicated relative to the bond strength τbmax20C at
ambient temperature as a function of the temperature θ. All specimensAdhesive 
bond 
Bo
nd
 st
re
ss
 τ
Slip s
τbmax 
τ
bf
s1 s2 s3
Mechanical 
interlocking Shearing oﬀ
Pull-out
Spliƫng 
Fig. 2. Typical bond-slip behaviour between concrete and reinforcement.
144were air-cooled to ambient temperature.
A signiﬁcant scatter in the reported test results is observed. This can
be attributed to the fact that the bond strength between concrete and
reinforcement is a function of a large number of parameters, i.e. the
concrete properties (cement type, admixtures, water-cement ratio), the
properties of the reinforcing steel (diameter Φ, size and spacing of ribs)
and rebar position (ratio of concrete cover c to reinforcement diameterΦ,
parallel or perpendicular to casting direction, bond length lb). As indi-
cated in Table 2 there are signiﬁcant differences between the different
test programs published in literature.
In [27] some general conclusion were drawn with respect to the bond
strength after exposure to elevated temperatures:
1. The bond strength is reduced as temperature increases and the
reduction rate is greater compared to concrete strength;
2. The experimental procedure used affects the results of bond tests at
high temperatures;
3. The type of aggregates in the concrete affects the bond strength at
elevated temperatures;
4. The smaller the concrete cover, the greater is the reduction in bond
strength.
Bing€ol and Gül [25] investigated the inﬂuence of water cooling on the
bond strength considering different embedment lengths lb (Fig. 4). They
concluded that the effect of the cooling regime was not signiﬁcant for
short embedment lengths, whereas for longer embedment lengths the
water-cooled specimens showed a larger bond strength loss than the air-
cooled specimens. This additional strength loss was attributed to the
thermal shock due to rapid cooling. For short embedment lengths, the
insigniﬁcant difference between the effect of different cooling regimes
can be attributed to the fact that the effect of different cooling regimes is
the same for the outer layers of the concrete specimens.
In [28] some simple analytical models are proposed for the bond
strength between concrete and reinforcing steel after exposure to
elevated temperatures and subsequent cooling and evaluated based on
existing models (e.g. Model Code 1990 [18]) and regression analyses
using published experimental results. It was concluded that the proposed
relationships ﬁt the experimental results well.
3. Materials
A traditional normal strength concrete was used to produce the test
specimens. This concrete was composed of cement CEM I 52,5 N (350 kg/
m3), silica sand 0/2 (640 kg/m3), siliceous aggregates 2/8 (525 kg/m3),
siliceous aggregates 8/16 (700 kg/m3) and water (165 kg/m3). Cube
specimens of 150 mm side length were used for temperature and residual
Table 2
Speciﬁcations of test programs related to published test results.
Ref. c/Φ
[]
lb
[mm]
θmax
[C]
Heating Rate
[C/min]
fc20C
[MPa]
Specimen type Method of Cooling
[20] 2.50
4.19
5.75
– 800 1 20.0 Cylinder diameter 150 mm Air
[21] 3.44 32 750 2 35.0 Cylinder diameter 126 mm and length 300 mm Air
[22] 1.78
2.28
150 800 20 73.2 Cylinder diameter 82 and 100 mm and length 150 mm Air
[23] 2.00 150 700 12 (up to 250C)
1 (250C - …)
77.3 Prism 100  100  200 mm3 Air
[24] 1.58 150 800 2.5 63.0 Cylinder diameter 50 mm and length 200 mm Air
[25] 5.75 60
100
160
700 12–20 20
35
Cylinders diameter 100 mm and length 200 mm Air and water
[26] 4.50 40 800 ISO 834 61.4 Cylinders diameter 120 mm and length 100 mm Air
Fig. 4. Relative bond strength of water-cooled specimens for different bond lengths [25].
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106  330 mm were used for the determination of residual stress-strain
diagrams. Cubes of 150 mm side length with a rebar (Φ¼ 12 mm), which
was embedded 75 mm in the cube, were used to assess the residual bond
strength between concrete and steel reinforcement.Fig. 5. Position of the thermoc
1454. Effect of cooling method on the cooling rates
The temperature inside the specimens was measured by means of
thermocouples embedded in the concrete. The location of the thermo-
couples in the concrete cube specimens is indicated in Fig. 5.
The concrete specimens were heated at a rate of 1 C/min to 175 C,
350 C and 600 C. The exposure to high temperature lasted for 900 min.
Subsequently, the specimens were subjected either to quenching in water
or to 5 min spraying. Tap water conditioned at 20 C was used for
spraying and quenching. The quenched specimens remained submerged
in water until they cooled down to room temperature (measured at the
center of the specimens) after which they were stored at 20 ± 1 C and
60% RH. The sprayed specimens were placed at 20 ± 1 C and 60% RH
after spraying for 5 min, until they cooled down to room temperature
(measured at the center of the specimens). The 5 min period was chosen
based on the results of Peng et al. [6], which indicated that 5 min water
spraying resulted in a behaviour different from quenching, while 30 min
water spraying resulted in a behaviour comparable to quenching.
Table 3 presents the average cooling rates during the ﬁrst 5 min of the
cooling process for the different coolingmethods andmaximum exposure
temperatures at the location of the thermocouples TK1, TK2 and TK3 as
indicated in Fig. 5. This table shows that:
 the cooling rates during the ﬁrst 5 min of the cooling process are
similar for the two cooling methods considered;
 the center of the cube specimens (TK2) is hardly inﬂuenced by the
water cooling during the ﬁrst 5 min of the cooling process;ouples TK1, TK2 and TK3.
Table 3
Average cooling rates (CR5min) during the ﬁrst 5 min of the cooling process at different positions in the cube specimens.
CR5min [C/min] Quenching 5 min spraying
Temperature θ TK1 TK2 TK3 TK1 TK2 TK3
175 C 15.4 0.3 8.0 7.8 0.3 5.2
350 C 42.2 0.2 0.4 32.0 0.0 1.8
600 C 30.2 0.0 1.0 43.0 0.0 1.2
Fig. 6. Residual strength of concrete cube specimens exposed to high temperatures and
subsequent cooling.
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high cooling rates (30–40 C/min) in the outer layers of the cube
specimens.
Table 4 shows the time to reach a temperature of 100 C at the
location of the different thermocouples TK1, TK2 and TK3 for the
different cooling methods and maximum exposure temperatures. This
table shows that the difference between the two cooling methods is
visible particularly in the center of the cube specimens (TK2): quenching
result in a much faster decrease of the temperature (to 100 C) compared
to only 5 min of spraying. This observation is more pronounced for
higher maximum exposure temperatures.
5. Effect of high temperatures and fast cooling on the stress-
strain behaviour of concrete
The strength and stress-strain behaviour of concrete was tested on
two types of specimens: cube specimens of 150 mm were used to deter-
mine the strength and cylinder specimens of diameter 106 mm and
height 330 mm were tested to determine the stress-strain diagram. After
casting, the specimens were stored for 28 days at 20 ± 1 C and >90%
RH, followed by 35 days stored at 20 ± 1 C and 60% RH. This curing
period was followed by a drying procedure of 7 days at 105 C, after
which the concrete specimens were heated at a rate of 1 C/min to
175 C, 350 C and 600 C. Due to the slow heating rate, the temperature
gradient inside the specimens during heating was limited and at the end
of the heating period a uniform temperature distribution was obtained.
Subsequently, the specimens were cooled to room temperature using the
two cooling methods indicated in section 4.
Immediately after cooling to room temperature, the cubes were tested
for compressive strength according to NBN EN 12390-3 [16].
After a post-cooling period of 56 days at 20 ± 1 C and 60% RH, the
residual stress-strain diagram was determined by means of a
displacement-controlled compression test on the cylindrical specimens.
Fig. 6 shows the results of the compressive tests on the cube speci-
mens, immediately after cooling. The compressive strength fccub150,θ of
the cubes exposed to a certain temperature θ is given relative to the mean
compressive strength of reference specimens which were not heated
fccub150,20C. Furthermore, as a reference, the results obtained in [5] are
also included. The latter are results for specimens heated up to test
temperature (heating rate 3.5 C/min) and subsequently naturally cooled
to room temperature. The specimens were made of the same concrete
(using the same constituents) as used in the current study, hence they can
serve as reference values. Finally, the curve proposed by EN 1992-1-2 [1]
for the concrete strength during ﬁre is also indicated in the ﬁgure. The
results obtained in [5] for naturally cooled specimens correspond rela-
tively well to this curve proposed by EN 1992-1-2 [1] for the strength
during ﬁre.Table 4
Time t100C to reach 100 C when cooling the specimen from the exposure temperature.
t100C [min] Quenching
Temperature θ TK1 TK2
175 C 5 18
350 C 12 28
600 C 11 30
146These results conﬁrm that the cooling method has a signiﬁcant in-
ﬂuence on the residual strength. The following observations are made:
 Quenching the specimens after heating results in the highest possible
strength loss. Compared to the strength during ﬁre according to
EN1992-1-2 [1] and the results obtained by Annerel [5] for naturally
cooled specimens, an additional strength reduction between 20% (at
600 C) and 38% (at 350 C) is found. Hence, the strength after
cooling is signiﬁcantly reduced compared to the strength during ﬁre.
 Spraying the specimens results in a strength loss which is between the
reduction obtained through natural cooling and the reduction ob-
tained through quenching.
 Even for specimens subjected to relatively low temperatures, a sig-
niﬁcant strength reduction is found when the specimens are cooled
using water (e.g. 30% at 105 C for quenched specimens).
 The strength decrease at 105 C obtained in [5] is not observed in the
current study. This can be related to the fact that the specimens used
in [5] were heated only for a short period (750min) and were not pre-
dried. The strength at this temperature can be almost completely
regained when heated for longer periods (see section 2.1). The
specimens used in the current study were dried for 7 days at 105 C,
hence the strength loss due to heating was almost completely
regained and the strength loss observed here can be fully attributed to
the cooling procedure.
 The difference between the different cooling methods seems to
disappear at higher temperatures, e.g. at 600 C no statistically sig-
niﬁcant difference can be found between the residual strength after
spraying and after quenching. Hence, these results conﬁrm previous
observations available in literature (see section 2.1)
Fig. 7 shows the results of the compressive tests on the cylindrical5 min spraying
TK3 TK1 TK2 TK3
9 10 23 13
26 14 51 49
26 9 106 104
Fig. 7. Residual stress-strain diagram for cylinder specimens subjected to heating and
subsequent water cooling.
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cooling method 3 specimens have been tested. It should be noted that no
results are depicted for the specimens which were heated up to 600 C
and subsequently sprayed with water during 5 min. These specimens
were to heavily degraded to determine the stress-strain diagram, hence
the results could not be obtained for these specimens.
It can be seen that the compressive strength is signiﬁcantly reduced
by the heating and cooling procedure, while the strain at compressive
strength increases for higher temperatures. Consequently, the modulus of
elasticity reduces with increasing temperatures and its value is more
sensitive to high temperatures than the value of the compressive strength
and the strain at compressive strength. Furthermore, the linear elastic
behaviour at small strains seems to disappear for higher temperatures
(e.g. 350 C). The latter conﬁrms the observations from previous re-
searchers for concrete specimens which were slowly cooled to room
temperature after heating (see section 2.1). The temperature at which
this behaviour emerges is however lower for water-cooled specimens
than for slowly cooled specimens [8,9,15].
From the tests executed on the cylinder specimens, no clear distinc-
tion between the effect of the two cooling methods can be made. It ap-
pears that the specimens subjected to 5 min water spraying have lower
residual strength than the specimens which were quenched. This is in
contrast with the results obtained from the cube specimens (Fig. 8). It can
be seen that the residual strength of the cylinder specimens is locatedFig. 8. Relative compressive strength of cylinder specimens as a function of the exposure
temperature for different cooling methods.
147between the strength results of the cube specimens cooled through
quenching and through spraying. A possible explanation for this is that
the cylinder specimens were tested after a post-cooling period of 56 days.
During this period, the sprayed specimens suffered an additional strength
loss, while for the quenched specimens a sufﬁcient amount of water was
available for partial strength recovery due to hydration of
cement particles.
6. Effect of high temperatures and fast cooling on the bond-slip
behaviour between concrete and reinforcement
In this section, the bond-slip behaviour after exposure to high tem-
peratures and fast cooling is investigated by means of pull-out tests. The
pull-out tests are performed on concrete cubes of 150 mm in which a
reinforcement bar of diameter 12 mm is embedded over a length of
75 mm. The reinforcement was in a vertical position during casting,
resulting in ‘good’ bond conditions according to [19]. After casting, the
specimens were stored for 28 days at 20 ± 1 C and >90% RH, followed
by 35 days stored at 20 ± 1 C and 60% RH. This curing period was
followed by a drying procedure of 7 days at 105 C, after which the
concrete specimens are heated at a rate of 1 C/min to the test temper-
atures 175 C, 350 C and 600 C. Subsequently, the specimens were
cooled to room temperature using the two cooling methods indicated in
section 4.
After a post-cooling period of 28 days at 20 ± 1 C and 60 ± 10% RH,
the residual bond strength is determined by means of a displacement-
controlled pull-out test. The bond stress between concrete and rein-
forcement is calculated as follows:
τb ¼ Plbπϕ (2)
where P [N] is the measured pull-out force, lb (mm) is the embedded
length of the reinforcement (i.e. 75 mm) and ϕ [mm] is the diameter of
the reinforcement bar (i.e. 12 mm).
Fig. 9a and b show the bond-slip diagram for different temperatures
and cooling methods (quenching and 5 min of water spraying respec-
tively). The slip of the reinforcement compared to the concrete was
measured by means of linear variable differential transformers (LVDT)
which were ﬁxed on the free end of the reinforcement. It should be
noticed that a large scatter of the results is observed, even for specimens
subjected to the same temperature and cooling conditions.
It can be seen that high temperatures in combination with water
cooling have a signiﬁcant inﬂuence on the bond-slip diagram. From Fig. 9
some general observations are made:
 It is clear that exposure to higher temperatures results in a lower bond
strength.
 Failure due to splitting was observed for only 1 test specimen, which
was tested at 20 C. The other specimens failed due to pull-out.
 For a particular temperature, the difference between the two cooling
methods is small.
 For low temperatures (20 C, 175 C and 350 C), one can observe a
critical point at which the slip starts to increase signiﬁcantly. This
point disappears in the bond-slip diagram of the specimens heated up
to 600 C. These observations correspond to the observations by [21].
 Most test specimens don't show a horizontal branch in the bond-slip
diagram. For these test specimens, the slip s2 as deﬁned in the
model according to Model Code 1990 [18] and Model Code 2010
[19] is equal to the slip s1. For the test specimens that do show a
horizontal branch in the bond-slip diagram, the value for s2 varies
between 2.0 mm and 2.5 mm, which is in correspondence with the
value suggested in suggested in Model Code 2010 [19] for pull-out
failure and good bond conditions.
 The slip s3 at which a constant residual bond stress is obtained is
decreasing with increasing temperatures.
Fig. 9. Bond-slip diagram for (a) quenched specimens and (b) specimens subjected to 5 min of spraying.
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the bond-slip diagram of specimens after exposure to high temperatures
and water-cooling is possible.
In Fig. 10a, the bond strength after exposure to a temperature θ (and
subsequent cooling) relative to the bond strength at ambient temperature
is shown as a function of the exposure temperature θ. Even for the
specimens heated to 175 C and 350 C the bond strength is already
signiﬁcantly reduced (by 46%–65% respectively). Higher reductions of
the bond strength are observed compared to the results for air-cooled
specimens published in literature (Fig. 3). This indicates that the bond
strength is signiﬁcantly inﬂuenced by the temperature cycle and that
water cooling results in an additional decrease of the bond strength
(compared to test results published in literature). It seems that the
quenched test specimens have a higher resistance than the specimens
which were sprayed during 5 min. However, the difference between the
two cooling method is statistically insigniﬁcant (αeff > 5%). This can
probably be attributed to the limited embedded length used for these
tests, similarly as for the results obtained by [25]: quenching and
spraying have a similar inﬂuence on the outer layers of concrete, hence a
limited embedded length will result in similar results for both cool-
ing methods.
The reduction of the bond strength obtained in this study is higher
than the one obtained by [25] for water-cooled specimens. Also the
model proposed in [28] predicts signiﬁcantly higher bond strengths for
water-cooled specimens with an embedment length between 30 mm and
100 mm. This difference can be attributed to the fact that in the current
study the test specimens were tested 28 days after heating and cooling. As
reported in literature, during this time period, an additional decrease of
the concrete strength can occur [3] which can result in an additional
decrease of the bond strength. Further research into the inﬂuence of the
length of the post-cooling phase is however necessary to conﬁrm
this statement.
Finally, Fig. 10a shows that a quadratic function is appropriate to
describe the relation between the decrease of the bond strength and the
temperature, both for quenched and sprayed specimens.
Fig. 10b shows the slip s1 at the point where the bond strength is
reached as a function of the temperature. First of all, a signiﬁcant scatter
of these results is observed (up to 1 mm for a particular temperature).
Furthermore, there is no apparent trend visible for the slip s1: it remains
more or less independent of the temperature and cooling method. The
value s1 ¼ 1 mm suggested in Model Code 1990 [18] and Model Code
2010 [19] for failure in conﬁned concrete (i.e. pull-out failure) under
good bond conditions can also be advised after exposure to high
temperatures.
The residual stress τbf at large slip values as a function of the tem-
perature is shown in Fig. 10c. The residual stress decreases signiﬁcantly148due to the exposure to high temperatures and subsequent cooling until it
is almost zero after exposure to 600 C. No statistically signiﬁcant dif-
ference is found between the residual stress for the two different cooling
regimes applied in this research. According to Model Code 1990 [18] and
Model Code 2010 [19], the residual stress τbf can be predicted based on
the bond strength τbmax. According to Model Code 2010 [19] the residual
bond stress is 40% of the bond strength for pull-out failure and for
splitting failure with sufﬁcient conﬁnement and 0 MPa for other situa-
tions. According to Model Code 1990 [18] the residual stress is 40% of
the bond strength in case of conﬁned concrete while it is 15% of the bond
strength in case of unconﬁned concrete. The curves representing 40%
and 15% of the average bond strength at the different temperatures are
also depicted in Fig. 10c. It is clear that, in general, the curve representing
40% of the bond strength results in an overestimation of the residual
bond strength, while 15% of the bond strength appears to be a good
estimate of the residual bond stress at large slip values.
Based on nonlinear regression analysis the parameter α required in
Equation (1) is estimated for each of the test specimens. The results are
depicted in Fig. 10d. Again, there is a signiﬁcant scatter of the results and
no clear trend of α as a function of the temperature can be observed. The
values at low temperatures vary around 0.4, which is also the value
advised in Model Code 1990 [18] andModel Code 2010 [19] for ambient
temperature. However, after exposure to ﬁre, a value of 0.25 or 0.3 seems
more appropriate. This observation is based on a limited data set and
presents relatively high scatter. It should however be noted that also the
data presented in MC90 and MC2010 is based on data presenting sig-
niﬁcant scatter.
7. Conclusions
In this study different types of concrete specimens were heated up to
175 C, 350 C and 600 C and subsequently cooled down using water.
Two cooling regimes were used, i.e. quenching and spraying for 5 min
followed by natural cooling. The specimens were used to determine the
residual compressive strength, stress-strain diagram and bond strength.
The residual compressive strength is signiﬁcantly inﬂuenced by the
cooling method. Depending on the cooling method, an additional
strength reduction up to 38% was found for water cooled specimens
compared to slowly cooled specimens. Based on tests on cube specimens,
it was found that quenching results in a higher reduction of the
compressive strength than spraying for a limited time. The difference
between both cooling methods however decreases when the concrete is
exposed to higher temperatures.
Heating and subsequent water cooling result in an increase of the
strain at compressive strength and in a signiﬁcant decrease of the
modulus of elasticity of concrete. Water cooling increases these effects
Fig. 10. Inﬂuence exposure to high temperatures and subsequent water cooling on the bond-slip behaviour between reinforcement and concrete: (a) relative bond strength as a function of
the temperature; (b) slip s1 as a function of the temperature; (c) residual bond stress as a function of the temperature; (d) parameter α required for the bond-slip model as a function of the
temperature.
W. Botte, R. Caspeele Fire Safety Journal 92 (2017) 142–150when the results obtained is this study are compared to results published
in literature.
The bond strength between concrete and reinforcement is very sen-
sitive to high temperatures and subsequent cooling. A gradual decrease of
the bond strength is observed until at 600 C almost no bond strength
remains. No difference was observed between the two cooling methods,
which can be attributed to a short embedment length. The model for
bond-slip at ambient temperature proposed by Model Code 1990 [18]
and Model Code 2010 [19] is still valid to predict the slip at bond
strength and the residual bond stress. However, the suggestion for
parameter α necessary to describe the initial bond-slip behaviour needs
to be adjusted in case of higher temperatures. In that case a value of 0.25
or 0.3 seems more appropriate than 0.4.
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